Sharksuckers, Echeneis naucrates, often attach themselves to sharks. Their presence
Introduction
Sharksuckers attach themselves to sharks through their adhesive discs (Fulcher and Motta, 2006; Beckert et al., 2015) for energetic purposes (Steffensen and Lomholt, 1983), leading to a variety of behavior patterns by the sharks to remove these teleosts (Ritter, 2002; 2011; 2012) . The alteration of either sensory sensitive or hydrodynamic sensitive areas seems to be the primary cause for the deterrent behaviors of the sharks. The former is rather obvious, for instance if a sharksucker attached itself e.g., over the outer openings of a shark's inner ear canals, interfering with the shark's ability to sense and interpret acoustical signals. However, the importance of hydrodynamics may be less apparent. Most sharks generally swim rather slowly, and the potential negative effect of a sharksucker would appear to be slim. But it is a prime goal for any shark to maintain maximal energetic efficiency while cruising (Anderson et al., 2001 ; Schultz and Webb, 2002; Tytell et al., 2010) , thus even a slight interruption or alteration of water flow could be disturbing enough to trigger a reaction from the shark.
Although a variety of models describe water flow along a shark's body (Graham et al., 1990; Jung and Bhushan, 2010; Oeffner and Lauder, 2012) , and the distribution of sensory organs and free neuromasts has also been studied (Kalmjin, 1971; Paulin, 1995; Peach, 2001 ), interference through sharksucker attachment has not been examined beyond the behavior patterns of the shark (Ritter and Brunnschweiler 2003; Ritter, 2002; 2011; 2012) .
The two main elements of this project were 1) the development of a testable surface grid system over a shark's body to pinpoint sharksucker attachment locations, and 2) a statistical analysis to determine the distribution of these attachments. The former was accomplished with a 3D model and a grid pattern surface. The latter, the grid evaluation, was done by adapting a spatial scan statistic, called SatScan TM (Kulldorff, 1997; ). This project is the first attempt to better understand not just the potential effect a sharksucker may have on the hydrodynamics and sensory sensibility of a cruising shark, but also the potential preference a sharksucker may have due to factors such as ram ventilation.
Materials and Methods

Data collection
Videos were captured between 2010 and 2013 at several dive sites north of Grand Bahama. The sites' depths were between 6 m and 25 m, with either a sandy or a seagrass covered sea floor. Vegetation was mainly composed of turtle grass, Thalassia testudinum, and/or manatee grass, Cymodocea manatorum.
Since sharksuckers were noticed to move around along the shark's body when a videographer was getting too close, divers kept a distance of at least two shark lengths at all times so as to not disturb them. This distance reflects the inner circle of a shark (Ritter and Amin, 2014) , but was still close enough to videotape the shark from all sides in order to record the number of sharksuckers attached and identify their positions on the shark body. In addition, sharks were only videotaped if 1) they swam (lemon sharks often lay on the bottom (e.g., Ritter and Amin, 2016) , and 2) were at least one body length away from the bottom, to minimize any potential ground effect (Blevins and Lauder, 2013; Quinn et al., 2014) which could influence sharksucker attachments in ventral areas of the shark.
Often sharks could be individually identified through scars, color patterns, missing fin parts and other features. All efforts were taken to prevent pseudoreplications, in which the same sharks were videotaped twice.
Creation of a 3D model
Based on photographs that were extracted from the videos, a 3D model of an adult lemon shark was created with the open source modeling program Blender 2.66a for Apple ® (Hess, 2010) . This model, which included lateral, front, and top views of a lemon shark, was then used as an 'image map' on which the positions of sharksuckers could be marked. In order to identify positions, a numbered grid system was superimposed on the model. For this purpose, the polygon mesh of the model was first unwrapped into a UV texture projection and overlaid with 100 sections using Adobe Photoshop CS3. The UV texture was then transferred back to Blender 2.66a and rewrapped into the 3D model. Due to the irregular surface of the model, the texture was stretched or compressed in some areas, mainly at the seams. Exact area dimensions were not required to be known in the statistical model that was used, but the relative sizes of the surface areas were estimated as multiples of the smallest area.
Determination of high and low frequency clusters
The distribution and frequency of sharksucker attachment was done with SatScan TM by Kulldorff (1997 Kulldorff ( , 2009 ), a software package originally developed for disease surveillance but also widely used for other applications including zoology and ecology (e. the attachments' sites on the surface grid of a shark could be interpreted the same way as a geographical distribution.
Results
Shark area size calculation and evaluation of left-right side symmetry
Since both sides of the sharks and the respective areas were symmetrical, we first tested if the attachment of sharksuckers on both sides were similar. One side of the shark was used as a 'case file,' and the other side was used as a 'control' using the Bernoulli model in SatScan TM . The test indicated that there was no significant difference in the distribution of sharksucker attachments, so the numbers and positions of all sharksuckers could be represented on one side, reducing the area surface to be analyzed to 50 squares.
Spatial clusters of sharksucker locations
We initially assumed that an attachment of a sharksucker in each area of the shark's body could be modeled with a Poisson distribution, and tested the null hypothesis that the sharksucker attachment rate was the same for all areas along a shark's body. A high sharksucker count (low cluster) or low sharksucker count (high cluster) in this study is defined as the existence of a greater-than-expected number and smaller-than-expected number of sharksuckers, respectively, for any area of the 'image map.' A cluster was considered significant when the p-value for each cluster was smaller than the set significance level of 0.01. The conservative significance level (0.01) was chosen to reduce the likelihood of "false clusters." The chosen software, SaTScan™, utilized a Monte Carlo simulation in order to obtain the pvalue for the likelihood ratio for the identified sharksuckers' clusters.
In order to do a spatial scan statistic analysis, each of the 50 surface areas needed to be defined through a centroid of each area, defined using the standard two-dimensional Cartesian coordinate system. The spatial scan statistic then creates a circular window that moves spatially over a map, in this case the area grid of the shark, and includes a variety of sets of adjacent regions represented by their corresponding centroids. If a centroid of a specific area was included in the moving window, then this region was added to the window, as well. The radius of the window for each grid point varied continuously its size, starting at zero (only one area included) and up to a set upper limit. This allowed the window to be flexible for both its location and size. A very large number of distinct circles were created with different sets of close data locations within the circles, where each circle represented a possible cluster of sharksucker attachment locations.
The spatial scan statistic tested the null hypothesis of equal risk of a sharksucker attachment for all 50 surface areas, adjusted for their relative sizes, against the alternative hypothesis that there is an elevated sharksuckers attachment rate within each window analyzed. We also tested the option against the alternative hypothesis that a depressed sharksuckers attachment risk or a low risk existed.
High and low clusters
The 219 videotapes of lemon sharks revealed a total of 1423 attached sharksuckers. The spatial analysis showed several significant high and low cluster areas (p< 0.01) along the bodies of the sharks. Table 1 and 2 list all high and low clusters with their relative risk, number of attached sharksuckers, and p-values.
Most of these cluster areas formed larger areas, further called patches, when at least two neighboring grids showed the same type of cluster. One of these high cluster patches consisted of the first dorsal fins [35] with its leading and trailing margins, as well as connecting anterior and posterior back areas [9, 15, 39] . The anterior area [9] of the former patch was also connected to the gill area [10] , either overlapping or being part of the first patch.
Pectoral fins form a single patch of low clusters [20] [21] [22] [23] [24] [30] [31] [32] [33] , close to the ventral head patch [7, 8, 11] . By far the largest low cluster patch consists of the caudal fin, peduncle, and second dorsal fin [45, [47] [48] [49] [50] . Two more patches of low and high clusters are noted, [1, 5] and [13, 14] , respectively. Individual high cluster areas that did not form patches were areas 26, 29, and 44. (Gruber et al., 1988 ) most of the time, their hydrodynamics need to remain energy efficient to prevent unnecessary changes of water flow even at slow speeds. A flow change leads to a drop in streamlining, requiring additional energy to overcome and maintain cruising speed. Therefore, wherever sharksuckers attach themselves, the immediate boundary layers are altered, likely causing an increase in drag forces. Furthermore, as a result of a sharksucker's body height the former laminar near-field water flow in this location may even get turbulent (Anderson et al., 2001) . Although an increase of streamlining due to sharksuckers could potentially happen-they could act as a vortex generator-this is not likely and the much more frequent outcome is an adverse effect on the shark's hydrodynamics. Following we try to interpret the high and low frequencies of sharksucker attachment from a hydrodynamics sensitive and sensory sensitive viewpoint.
Discussion
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High clusters
One cluster comprises most of the first dorsal fin. This fin's major purpose is to stabilize the body from yawing and rolling by producing a lateral drag (Webb, 1984; Lingham-Soliar, 2005 ). This rather rigid structure is primarily composed of cartilaginous radials and quite flexible ceratotrichia, cartilage based fin rays (Compagno, 1999) , which are not actively moved during locomotion other than a passive undulation caused by the body's motion. Considering this area is a high cluster, it appears to be a region where attachments show little interference with hydrodynamic sensitivity. On the other hand, these attachments could enhance vortices behind the trailing edges, thus actually increasing a shark's overall swimming performance.
Another region of increased sharksucker attachment are the gill areas. These organs are rather unprotected among shark species from predatory attacks (pers. obs.), despite the sturdy gill flaps. This sturdiness could equal some form of desensitivity. Since maximum velocity occurs around gill slits (Smith and Caldwell, 2009) ram ventilation for the sharksuckers is increased. Lower sensitivity of this area, together with locally higher water flow velocity, would reflect a prime area for sharksuckers to be attached.
Low clusters
A shark's skin is highly adapted to create the least drag along its body while moving. This can be seen in the different forms, sizes, and shapes of placoid scales with their longitudinal grooves, the riblets. Scale characteristics vary depending on their position along the body, to keep the formation of vortices as minimal as possible (Bechert et al., 2000; Smith and Caldwell, 2009 ). Thus, drag increases along the surface, causing a distortion in water flow and for that reason must be avoided as much as possible.
Areas of low clusters would suggest especially sensitive areas important for hydrodynamics and steering, which is done by the pectoral fins. Pectoral fins reflect a patch of several low cluster areas, mainly at the trailing edges and the tip area. Although these fins look rather stiff, they are indeed quite moveable (Ritter, 2012) , they change their body angle as swimming speed changes, showing a higher angle during slower speed (Lauder and Di Santo, 2015) , and vice versa. Likewise they counteract torque created by the tail, and are capable of quick turns, which are entirely created by the rotation and lowering of these fins. In earlier years, pectoral fins were said to create lift and counterbalance the upper lobe of the caudal fin but newer research showed that during horizontal locomotion, pectoral fins create zero net lift. However, any attachment of sharksuckers on the dorsal side of the pectorals could affect this zero lift. Likewise laminar flow would be interrupted depending on the area of attachment, causing turbular flow.
The caudal fin creates thrust, lateral forces, and lift (Lauder and Tytell, 2006) ; producing rather complex dual-linked vortex rings (Flammang et al., 2011) where each ring creates a high-velocity jet of water (Lauder et al., 2003) . This output seems to be enhanced through timed tail stiffness (Flammang et al., 2011) . Reduction in sharksucker attachment in these areas may prevent a change of these thrust parameters and thus keep the actual kinematics of the tail intact. The caudal fin moves side-to-side, through the first dorsal fin's wake; thus, if phased properly, additional thrust is created by the caudal fin (Maia and Wilga, 2013) . With that in mind, a caudal fin that carries no sharksuckers would properly move and maximize the extra thrust. The low cluster in this area would prevent unwanted flow patterns that an attachment of sharksucker would cause. Attached sharksuckers could also affect a shark's tail by simply adding weight, which could be particularly important during gliding phases. Some shark species are known to 'burst and glide' (e.g., Sepulveda et al. 2004) or 'cruise and glide,' leading to a drop in the tail's heterocercal angle (Ritter, 2014) . Although hydrodynamics in sharks has not yet been examined during gliding phases and what kind of trimming is used to keep sinking to a minimum, sharksuckers attached to the tail are likely counterproductive to these gliding phases.
Other areas of low clusters overlap with sensory organs in the head region. Although ram ventilation for sharksuckers is likely optimized around a shark's head, the sensitivity of this region is increased, especially through a tight pattern of the 'Ampullae of Lorenzini,' a sensory organ that is able to detect small fields of bioelectricity as well as heat radiation (Kalmijn, 1972; Brown, 2003) . Since the individual openings of these ampullae are very dense, chances are increased that some of them would be covered by an attached sharksucker. Considering that bioelectrical fields, e.g., from moving prey, are only detectable close to a shark's head, a partial non-functionary area might affect predatory accuracy.
Non-patch cluster areas
Four areas reflected individual high [26, 29, 44] or low [42] clusters, but were not part of a larger patch. Although these clusters could just be an artifact of the rather broad grid system, chances are they reflect actual non-sensitive or sensitive areas, as well. Except for mechanoreceptors, no other sensory organs are known along the three high cluster areas. The same is true for the low cluster area [42] ; however, it represents the leading edge and most part of the pelvic fin. As a pair, the pelvic fins are used to balance torques, generate some thrust (Wilga and Lauder, 2002; Lauder and Drucker, 2004; Lauder and Tytell, 2006; Lauder, 2015) , and shed vorticity (Fish and Shannahan, 2000) .
Attachment detection
The mechanism by which a shark is able to register an adverse effect caused by sharksucker attachment is not known. It is possible that the mere attachment of a sharksucker on top of or around a sensory organ could be stimulus enough, but the trigger of cutaneous mechanoreceptors seems more likely. These proprioceptors, which are distributed over the shark's entire body, are sensitive to pressure, especially microvibration caused by indentation and stretching. Receptor areas per single unit can be quite large, up to 60mm 2 (Nier, 1976) and their continuous spread along the shark's body would allow them to register any sharksucker attachment. It needs to be seen if these receptors are equally spread or more localized around sensory organs. However, considering the high cluster patches, a more localized distribution might be more likely. In addition to, it may turn out that these receptors are also used to detect flow changes around a shark's body.
Suction disk morphology and effectiveness
Riblets change along a shark's body (Reif and Dinkelacker, 1982; McKenzie et al., 2014) , but it is unlikely that a sharksucker shows preference for one body area over the other as a result of suction effectiveness, such as if rougher surfaces would be preferred over smoother surfaces. Considering that the suction system allows attachment even to glass (Fulcher and Motta, 2006) due to a hook like structures called spineless (Beckert et. 2015) , and an actual suction lip, even the smoothest surface on a shark would not be challenging for attachment. 
